Spatial memory can improve cache recovery in scatter-hoarding mammals; however, we lack knowledge about how spatial memory affects scatter-hoarding behavior. Captive-reared Siberian chipmunks (Tamias sibiricus) were orally dosed with docosahexaenoic acid (DHA) and uridine-5-monophosphate (UMP) for 6 weeks to test if improved spatial memory affects scatter hoarding. Oral administration of DHA and UMP significantly increased the relative size of hippocampi of the chipmunks and increased concentration of hippocampal DHA and eicosapentaenoic acid (EPA). Consequently, spatial ability of chipmunks in a Y-maze was significantly improved after administration of DHA and UMP. More importantly, chipmunks that received DHA and UMP scatter hoarded more seeds than control animals. This study shows that scatter hoarding in a mammal is associated with improvement in spatial memory, suggesting the potential role of spatial memory in determining food-hoarding behavior.
Food hoarding is considered an adaptive behavior that allows animals to manage food availability through time and space (Shettleworth and Krebs 1982; Vander Wall 1990; Perea et al. 2016; Chen et al. 2017) . Most commonly, food-hoarding animals store food in times of surplus for times when food is scarce (Cao et al. 2017; Zhang et al. 2017) . Scatter-hoarding animals, such as rodents and birds, usually store food items in small pits across different locations and then recover their cached food for later use (Kamil and Balda 1985; Yi et al. 2016a; Zhang et al. 2016a Zhang et al. , 2016b Wróbel and Zwolak 2017) , thereby ensuring that they can maintain physical condition during times of food scarcity. Scatter-hoarding animals rely on random digging, olfaction, and spatial memory to recover the food items they cached (Vander Wall 1990; Vander Wall et al. 2008; Gould et al. 2012; Yi et al. 2016a Yi et al. , 2016b . Although heavy reliance on only 1 type of cue might render animals ill-equipped to recover their caches, spatial memory in particular appears to play a crucial role in cache recovery by food-storing rodents (Hirsch et al. 2013; Yi et al. 2016a; Zhang et al. 2016a) .
Probably because of the important role of spatial memory in cache recovery by food-hoarding rodents, rodents that rely more heavily on scatter-hoarded food items perform better on spatial memory tasks than species that rely less on food caches (Winterrowd and Weigl 2006; Burger et al. 2013) . Previous studies have shown that scatter-hoarding rodents have accurate and long memories for locations of stored food (Vander Wall 1990; Yi et al. 2016a) , suggesting that the hippocampus plays an important role in spatial memory for rodents (Pan et al. 2013) . The hippocampal complex, a brain structure involved in spatial information processing (Colombo and Broadbent 2000) , plays an important role in spatial learning in rodents (Ocampo et al. 2017) . Hippocampal volume can vary within a population, depending on the extent to which individuals rely on cached food (Roth and Pravosudov 2009; Burger et al. 2013) . Food-hoarding black-capped chickadees (Poecile atricapillus) were not able to relocate their caches after hippocampal aspiration (Sherry and Vaccarino 1989) , suggesting that there may be a direct relationship between hippocampus development and scatter-hoarding behavior (Pan et al. 2013) .
Hippocampal volume may have evolved in response to increased cognitive demands during scatter hoarding (Pravosudov and Roth 2013) , suggesting that the neural structures underlying cognitive processes can be adaptively specialized (Krebs et al. 2010; Pan et al. 2013) . Individuals exhibiting high levels of scatter-hoarding behavior have been observed to show increased hippocampal function and spatial memory (Pan et al. 2013; Pravosudov and Roth 2013) . Despite the interplay between hippocampal function, cache recovery, and spatial memory, it is difficult to tease apart whether hippocampal development occurs as a result of cognitive demands on scatter-hoarding rodents, or acts as a trigger to promote scatterhoarding activity. Although enhanced spatial memory can facilitate cache recovery by cache owners, cache pilferage is also common in food-hoarding animals. Therefore, increased food hoarding in response to cache pilferage has been suggested as an effective way to compensate for cache loss (Yang et al. 2014) . From an evolutionary perspective, selection for spatial memory should guarantee a higher rate of cache recovery and result in a higher level of food caching (Roth and Pravosudov 2010) .
Assuming that hippocampus-based spatial memory is essential for cache recovery in scatter-hoarding rodents and can be adaptively specialized, improved spatial memory should promote scatter hoarding by food-caching rodents. Docosahexaenoic acid (DHA; C22:6, n-3), highly concentrated in the mammalian nervous system (e.g., hippocampus), is essential for brain development and function (Mohaibes et al. 2017 ). Uridine-5-monophosphate (UMP), a source of circulating and brain uridine (Cansev et al. 2005) , promotes synthesis of synaptic phosphatides and proteins (Wurtman et al. 2006 ) and reverses memory impairments (Holguin et al. 2008) . To better understand evolutionary mechanisms associated with scatter hoarding, we examined the effects of oral administration of DHA and UMP on hippocampal function, performance on spatial memory tasks in a Y-maze, and scatter-hoarding activity in captive-reared Siberian chipmunks, Tamias sibiricus.
Materials and Methods
Study animal.-The Siberian chipmunk, T. sibiricus, is a small rodent that scatter hoards seeds of various plant species (Yi et al. 2012 (Yi et al. , 2016b Zhang et al. 2016a) . It is estimated that an individual chipmunk will hoard more than 1,000 pine seeds in a single season (Yi et al. 2012) . We used captiveraised chipmunks to test the effects of oral administration of DHA and UMP on improvement of hippocampal function and scatter-hoarding behavior. Twenty-eight 1-year-old chipmunks (11 males, 17 females, body weight: 79.3 ± 11.9 g, mean ± SD) were purchased from the Dapeng Animal Farm in Liaoning province and housed individually in steel frame cages (20 cm × 40 cm × 50 cm) with bedding materials (cotton and wood shavings).
Y-maze apparatus.-Hippocampus-dependent spatial learning and memory were assessed by means of a Y-maze constructed of plain plastic plates (Beijing Zhongshidichuang Science and Technology Development Co., Ltd, Beijing, China). Each of the 3 identical arms was 48 cm × 15 cm × 15 cm. The maze had an equilateral triangular center, with an arm of the Y-maze beginning from each side of the triangle and extending away from the center at an angle of 120°, forming the letter Y shape of the maze.
Oral administration of DHA and UMP.-In August 2016, 14 randomly selected individuals (5 males, 9 females) were allowed to drink tap water containing 0.5% UMP (Yuanye, Shanghai, China) ad libitum and were gavaged daily with a vehicle (saline) supplemented with 300 mg/kg DHA (Xingda, Henan, China) (hereafter, UD chipmunk). The animals were gavaged with DHA rather than dosed via drinking water because DHA is not stable when exposed to oxygen (Cho et al. 1987) . The remaining 14 individuals (6 males, 8 females) served as a control group, were vehicle-treated, and received tap water without UMP (hereafter, CO chipmunk). Chipmunks consumed UMP by drinking and DHA by gavage for 6 weeks prior to testing performance in spatial memory tasks in the Y-maze and scatterhoarding activity. A subset from each group was euthanized so that hippocampal mass and fatty acid composition could be determined. All animals were housed at a controlled temperature of 22°C (± 2°C) and 70% humidity on a 12 h:12 h lightdark cycle, and they were provided with 16% protein chow (Zhongke, Beijing, China) and Pinus koraiensis (Korean pine) seeds ad libitum. We provided a fresh paper towel for shredding twice a week. Toys were provided in the cage to minimize stress during handling and behavioral procedures. All protocols employed were approved by the Bioethics Committee at the Jiangxi Normal University. Our study conformed to the guidelines of the American Society of Mammalogists for the use of wild mammals in research and education (Sikes et al. 2016) .
Y-maze test.-We tested the effects of administration of DHA and UMP on spatial memory of Siberian chipmunks in a Y-maze (Wu et al. 2007) . Each chipmunk was placed in the Y-maze, with free access to all 3 arms, for 3 min before testing. The voltage of the Y-maze was set at 50-70 V for electrifying, which is not dangerous to chipmunks and widely used in Y-maze procedures (Wu et al. 2007) . The arm that a chipmunk stood on at the end of the 3-min period was classified as the starting arm of test, while the other 2 were classified as a safety arm and an electrified arm. All 3 arms were wired for electrification so that the starting arm, electrified arm, and safety arm could be randomly changed. Following the random rest method (Wu et al. 2007 ), the starting arm and safety arm were changed randomly. After being shocked, a chipmunk would move out of the starting arm and then move among the 3 arms until it successfully entered the safety arm. Animals were shocked for 5 s after they incorrectly entered the electrified arm or reentered the starting arm. When chipmunks entered the safety arm, a signal light lasting for 10-15 s was turned on. Tests were conducted repeatedly to allow chipmunks to form the conditioned reflex of light-dark discrimination of spatial memory. Thus, chipmunks learned to use the light-dark cues to locate the safety arm in which the light was always on. Therefore, light was the "correct" cue and a shock was an "incorrect" cue during the spatial memory test. Each chipmunk was tested 30 times within a 3-day period. Escape to the safety arm indicated a correct reaction, but entry into the starting arm or the electrified arm and being shocked indicated a wrong reaction. Arm entry was defined as the entry of all 4 paws into 1 arm. The floor of the maze was sterilized with 75% ethanol after each individual trial to equate differential olfactory stimuli. Error number (EN) referred to the number of wrong entries in each test, while success rate (SR) referred to the number of times that a chipmunk first entered the safety arm after being electrified out of the 30 tests. Frequency of entries (FE) into the starting arm, electrified arm, and safety arm was also recorded. The reaction time (RT) spent to enter the safety arm by each chipmunk was recorded over each trial session. EN, SR, FE, and RT were used to evaluate the effects of oral administration of DHA and UMP on spatial memory ability of CO and UD chipmunks.
Scatter hoarding in enclosures.-To test if oral administration of DHA and UMP promoted scatter-hoarding activity, behavioral experiments were carried out in separate enclosures (10 m × 10 m × 2.5 m) established in an open area without trees (Yi et al. 2012 . Enclosures were built with smooth iron sheets that extended about 2.5 m above ground and 0.5 m below the soil surface. In each enclosure, the ground was paved with bricks to create 64 shallow pits (24 × 12 × 6 cm) evenly spaced in an 8 by 8 grid. An iron sheet was laid beneath each of the pits to prevent animals from burrowing out of the enclosures. These small pits were filled with fine sand to allow chipmunks to scatter hoard seeds. An artificial nest was provided at one corner of each enclosure for bedding and larder hoarding. We provided each chipmunk in CO and UD groups with 50 Korean pine seeds at the center of each enclosure at 0800 h. Seed fates were checked at 1700 h to see how many seeds were scatter hoarded in the shallow pits and larder hoarded in the nests. Scatter-hoarding intensity was evaluated 3 ways: 1) number of seeds scatter hoarded by chipmunks/number of seeds placed in the enclosure by the experimenters; 2) number of seeds scatter hoarded by chipmunks/number of seeds removed from seed stations by chipmunks; and 3) cache number and cache size. These parameters were compared to evaluate the effects of improved spatial memory on scatter-hoarding activity of the CO and UD chipmunks by determining if CO animals scatter hoarded more seeds than UD animals.
Separation of hippocampus.-After the behavioral experiments, 10 CO chipmunks and 10 UD chipmunks were randomly selected for anesthetization with diethyl ether and then euthanized via cervical dislocation as quickly and painlessly as possible. Both males and females were included because sexbased differences in spatial ability have been observed in other rodent species (Gaulin and FitzGerald 1986) . The whole brain of each animal was carefully isolated on an ice-cold plate and weighted to the nearest 0.001 g. The hippocampus was then separated and weighed after being washed with saline (Pan et al. 2013) . Then, hippocampi were immediately frozen in liquid nitrogen and stored at −80°C for later fatty acid analyses.
Lipid extraction.-Hippocampi were combined into 3 samples for each treatment (UD and CO). For each sample, 20 mg of hippocampus was placed into a Pyrex tube (10 ml) that had a Teflon-lined screw cap. Then, 2 ml of a concentrated sulphuric acid:methanol solution (5:100, v:v) and 25 μl 2,6-di-tert-butyl-4-methylphenol (BHT):methanol solution (2:1,000, m:m) were successively added (see Xu et al. 2010 ). Tubes were tightly closed then vortexed for 1 min at room temperature with a vortex finder (XW-80A, Shanghai, China), and then placed in a water bath at 90°C for 1.5 h. After cooling tubes to room temperature, 3 ml of chromatographically pure n-hexane (Tedia, Fairfield, Ohio) and 2 ml of saturated sodium chloride solution were added. Tubes were tightly closed again and vortexed for 1 min. Then, samples were centrifuged at 3,500 rpm for 5 min at 4°C using a GENIUS 6K-R centrifuge (Hunan, China). Finally, 100 μl of the supernatant was recovered for each sample for gas chromatography (GC) analysis.
Fatty acid analysis by GC.-Agilent 7890A GC chromatography system (Agilent Technologies, Santa Clara, California) equipped with an auto sampler and a flame ionization detector (5975C MSD, Agilent) was used for fatty acid analyses according to Xu et al. (2010) with minor modification. The carrier and make-up gas was helium and the capillary column was Agilent DB-225 (0.1 μm film thickness, 0.1 mm i.d., 10 m length). Then, a 1 μl lipid sample was injected with a split ratio of 1:60 based on optimization. The injection port and detector temperatures were set at 250°C and 230°C, respectively. The column temperature program was as follows: temperature was held at 55°C for 1 min, then increased to 205°C at 30 °C/min and held at 205°C for 1 min, increased to 230°C at 5°C/min and held at 230°C for 1 min. Data were processed using an MSD Chem Station (G1701EA.02.00.493) ACD/Spectrus Processor 2015 (S30S41) and compared with the inbuilt standard mass spectra library system (NIST-05 and Wiley-8) of GC-MS to calculate the content of cis-4,7,10,13,16,19-DHA and cis-5,8,11,14,17-eicosapentaenoic acid (EPA), another important unsaturated fatty acid for development of mammal brain (Harauma et al. 2017) .
Statistical analysis.-Statistical analyses were performed using SPSS Statistics for Windows, version 16.0 (SPSS Inc., Chicago, Illinois). Differences in spatial memory performance (EN, SR, NE, and RT) in the Y-maze between CO and UD chipmunks were assessed with independent samples t-tests. The same procedure was used to test for differences in relative size of the hippocampus, hippocampal DHA, and hippocampal EPA between CO and UD chipmunks. Independent samples t-tests were also used to evaluate whether oral administration of DHA and UMP affected scatter-hoarding intensity (proportion of seeds that were scatter hoarded and cache number). All proportions were arcsine transformed for normality and homogeneity of variance to satisfy the assumptions of the t-test.
results
Spatial memory of chipmunks in the Y-maze.-As expected, SR in the Y-maze was significantly increased by oral administration of DHA and UMP (t 26 = 2.359, P = 0.025; Fig. 1a ). Oral administration of DHA and UMP significantly decreased EN in UD chipmunks compared to CO chipmunks (t 26 = −2.180, P = 0.037; Fig. 1b) . CO chipmunks were more likely than UD chipmunks to enter the starting arm (t 26 = −2.214, P = 0.035) and electrified arm (t 26 = −2.737, P = 0.010), but less likely to enter the safety arm (t 26 = 3.003, P = 0.005; Fig. 1c) . RT was significantly decreased in UD chipmunks compared to CO chipmunks (t 26 = −3.852, P = 0.001; Fig. 1d ). These results indicated that short-term oral administration of UMP and DHA significantly improved the spatial ability of Siberian chipmunks in the Y-maze.
Scatter hoarding of Siberian chipmunks.-In the enclosures, CO and UD chipmunks consumed 45.6% and 10.6% of provided seeds, respectively (t 26 = 2.812, P = 0.009). The proportion of larder-hoarded seeds was not different between CO and UD chipmunks (t 26 = 0.284, P = 0.779). However, UD chipmunks scatter hoarded significantly more seeds than CO chipmunks, seen from the scatter-hoarding intensity as a function of removed seeds (t 26 = 2.840, P = 0.009) or total seeds we placed in each enclosure (t 26 = 2.664, P = 0.013; Fig. 2 ). In total, 155 seeds were found in 45 caches in enclosures used by UD chipmunks, while only 2 caches containing 10 seeds were observed in enclosures used by CO chipmunks, generating average cache sizes of 3.4 and 5 seeds, respectively. The number of caches established by UD chipmunks was much higher than that by CO chipmunks (t 26 = −3.357, P = 0.003); however, cache size was not significantly different (chi-square test: χ brain weight (t 18 = 2.375, P = 0.026) but not body weight (t 18 = 1.385, P = 0.179; Fig. 3 ). There was no significant effect on relative size of hippocampus between females and males for either group (UD group: whole brain weight, t 8 = 0.027, P = 0.979; body weight, t 8 = 0.384, P = 0.708; CO group: whole brain weight, t 8 = −0.022, P = 0.983; body weight, t 8 = 0.386, P = 0.707). GC-MS showed that the main fatty acids in the hippocampus were C16:0, C18:0, C18:l, C20:4, DHA (C22:6n3), and EPA (C20:5n3; see Supplementary Data SD1). Oral administration of DHA and UMP significantly increased the content of both DHA (t 4 = 5.680, P = 0.005) and EPA (t 4 = 3.163, P = 0.034) in the hippocampi of chipmunks (Fig. 4). discussion Hamano et al. (1996) showed that DHA alone constitutes > 17% of the weight of the total fatty acids in the brain of adult rats, and plays an important role in restoration and enhancement of memory-related functions. An increasing body of literature shows that consumption or administration of DHA enhances long-term memory and facilitates recovery of learning and memory-associated performance (Hashimoto et al. 2005; Fedorova et al. 2007) . Consistent with previous studies, our results showed that oral administration of DHA and UMP not only increased the relative size of hippocampi in Siberian chipmunks, but also increased concentration of n-3 fatty acids (DHA and EPA) by weight of the total unsaturated fatty acids in the hippocampus. Enhancement of DHA and EPA is beneficial in a range of neurological and neurodegenerative conditions (Dyall and Michael-Titus 2008) . For example, DHA and EPA accelerate adult hippocampal neurogenesis and promote differentiation of neural stem cells in a variety of animal models (Dyall 2011; Rashid et al. 2013) . Because the primary function of the hippocampus is associated with learning and memory in rodents, we expected that enlargement of the hippocampus and increased hippocampal DHA and EPA would translate into improvement of behavioral performance in chipmunks (Gamoh et al. 1997; Gamoh et al. 2001) . Spatial learning and memory of Siberian chipmunks in the Y-maze were greatly improved by oral administration of DHA and UMP, as indicated by decreased EN and RT and increased SR and NE into the safety arm. Although the role of DHA in the hippocampus has been widely investigated in maintaining normal brain function in laboratory rats and mice (Salem et al. 2001; Uauy et al. 2001) , here, we verified the importance of DHA and UMP in improving spatial memory of a wild rodent species, T. sibiricus, in the Y-maze.
In addition, we showed that scatter-hoarding behavior of Siberian chipmunks in the enclosures was significantly promoted after oral administration of DHA and UMP and consequent improvement of spatial memory. Although scatterhoarding behavior has been suggested to be heritable (Steele et al. 2005) , CO chipmunks, which were captive-reared in impoverished environments, scatter hoarded fewer seeds than UD chipmunks in the enclosures. Despite being captive-reared in the same conditions, UD chipmunks that received oral DHA and UMP scatter-hoarded more seeds than the CO animals. This can be explained by the fact that chipmunks captive-reared in impoverished environments lack the space to scatter hoard and then recover seeds, which in turn causes reduced hippocampal development (Holguin et al. 2008; Diniz et al. 2010; Pan et al. 2013) . Our previous study showed that chipmunks deprived of scatter-hoarding activity showed a low level of cell proliferation in their hippocampi (Pan et al. 2013) . With the impairment of spatial memory under captive conditions, CO chipmunks tended to scatter hoard fewer seeds, possibly due to their low ability to recover cached seeds. However, oral administration of DHA and UMP appeared to reverse these memory impairments of Siberian chipmunks in our study, resulting in more seeds scatter hoarded by the UD chipmunks. Our results showed dietary DHA-induced improvement in spatial memory, as indicated by the performance of UD chipmunks in the Y-maze compared to CO chipmunks. There appears to be a linkage between the improved spatial memory and the enhanced scatter-hoarding activity. Although hippocampal development and improvement of spatial memory may occur as a result of cognitive demands on the scatter-hoarding animals (Pan et al. 2013; Pravosudov and Roth 2013) , our results suggest that enhanced scatter hoarding of chipmunks is related to improved spatial memory. Enhanced scatter-hoarding intensity following improvement of spatial memory may provide partial support for the prediction that scatter-hoarding animals show advantages over pilferers in recovering their caches (Gu et al. 2017) . With improved spatial memory, scatter-hoarding animals should gain more rewards from their caches. In this context, spatial memory and scatter-hoarding behavior of foodhoarding animals can be promoted mutually, therefore benefiting evolution of scatter-hoarding behavior.
If hippocampus-based spatial memory plays an important role in scatter-hoarding behavior, accumulation of DHA, EPA, and other highly unsaturated fatty acids (HUFA) in the hippocampus may be essential for food-hoarding animals. However, seeds and other parts of trees dispersed by animals lack DHA and EPA due to the inability of plants to desaturate and elongate polyunsaturated fatty acids (PUFA- Gladyshev et al. 2009 ), though they are usually rich in PUFA (e.g., alpha-linolenic acid, ALA-Sabudak 2007; Nasri et al. 2010 ). Nevertheless, animals are able to desaturate and elongate ALA from seeds into its longer-chain n-3 derivatives, such as EPA and DHA (Gladyshev et al. 2009; Talahalli et al. 2010) . Therefore, plants bearing seeds rich in ALA may be beneficial for scatter-hoarding animals. If this is true, seeds with high levels of ALA will be favored by natural selection in the seed dispersal system. It has been reported that the widely distributed pines, walnuts, hazelnuts, and oaks produce seeds containing high levels of ALA (Sabudak 2007; Nasri et al. 2010; Rezaei et al. 2014 ). This may partially explain why food-hoarding animals prefer to consume and cache seeds of those species across the world (Steele et al. 2005; Yi et al. 2016a; Zhang et al. 2017) . Recently, Vander Wall et al. (2017) recorded 272 plant taxa that are dispersed by scatter-hoarding animals across North America, which partially echoes the geographical distributions of pines and oaks (McWilliams et al. 2002; Coyle et al. 2015) . Although we lack solid evidence that seed ALA affects scatter hoarding of animals, we suggest that future studies pay more attention to the role of seed fatty acids in determining scatter-hoarding behavior of food-hoarding animals and how tree community structure shapes the community composition of small mammals exhibiting different hoarding strategies, i.e., scatter hoarding and larder hoarding. 
